Abstract. The paper provides an assessment of some recent results of the large amount of New Institutional Economics analyses investigating a common-pool resource setting, with a specific focus on game theory models. Most of the studies have used a noncooperative approach in order to explain how under-provision for the resource or its over-use -the so-called Tragedy of the Commons -can be avoided, within given management rules. They show how the characteristics of the game (payoff matrix, repetition) or of the users (group size, wealth, heterogeneity and moral norms) may give incentives for the latter to play in a way that benefits all users. By contrast, much fewer articles have used a formalized approach to assess the possibility for players to design new rules to overcome the initial Tragedy of the Commons. The article ends with some proposals of directions for future research.
Introduction
Hardin's famous article 'The Tragedy of the Commons' in 1968 brought to the fore the problems of management of the resources held in commons: forestry, water, fishery, pastures, etc. The core idea of the paper was that in any situation where a resource is held in common among a group of users, every user has the incentive to exploit the resource at a level that is collectively inefficient. In the example given by Hardin, once social stability and the absence of diseases do not limit the size of the herds, shepherds' freedom to decide how many animals they send to a common village pasture leads necessarily to a situation of overgrazing. The issue raised by Hardin has become of increasing importance. This is because, in both developing and developed countries, heated debates have often taken place on whether commons should be in the hands of user groups, nationalized or managed through a system of private property rights. Currently, none of these property regimes appear to provide a blanket solution for all situations . In the last three decades, a growing number of scholars have started Free riding can take place in an unmanaged CPR, whatever the property regime actually in place. For instance, a group property regime might indeed delimitate clearly the entitled users from the nonauthorized users outside the group, but the rules in place may fail to control the provision or extraction of the resource. In contrast, in a managed CPR, some rules define what users are either required to provide for the resource or entitled to withdraw from it. These rules hence prevent the inefficiency stemming from the free rider problem. Such a basic distinction between managed and unmanaged commons is obviously of interest mainly for analytical purposes because, in practice, many rules address partially the free rider problem.
This review of literature shows that the initial objective of most of the new institutional economics analyses of CPR is met: many characteristics of the game characterizing players' interactions can be involved to show that the Tragedy of the Commons is not the necessary outcome. Nevertheless, all these studies remained in the framework set in Hardin's (1968) seminal analysis, that is, a given setting where agents can choose their actions but cannot gather to design new management rules. The economic analysis of agents' capacity to design these rules is, however, much more limited, but it can draw some results from the preceding noncooperative analysis. On the whole, the noncooperative analysis provides a good understanding of what happens in the field when users cannot or do not want to change the rules. Otherwise, when agents are allowed to set up rules, a precise analysis must be undertaken for each case, which will take into account the structure of the initial game and of the negotiation.
The paper is organized as follows: Section 2 describes the main paradigm used to tackle the issue, where the existing rule, if any, allows agents to choose among actions that will have different positive or negative impacts at the collective level. Section 3 summarizes several studies, which focus on the characteristics of the game and of the users, and which show how, within a given set of management rules, the Tragedy of the Commons is not the necessary outcome of the game. The fourth section presents the much less abundant economic literature that deals with the design of new management rules. Section 5 provides a brief overview of the contribution of economic analysis to the debate about CPR. Finally, the last section proposes some directions for future research. Hardin (1968) considered that, because of the free rider problem, every CPR was doomed to over-exploitation. The idea behind this is the prisoners' dilemma. 1 Hardin used the term 'tragedy' in the sense of something inescapable, which imposes its own logic to each player. Obviously, the term became famous because of its other meanings. Hardin thought that the only solutions to avoid the Tragedy of the Commons were nationalization or the definition of individual transferable rights. Actually, Hardin denied the possibility for users to design management rules and implement them. Given this assumption, group property is deemed to lead to a situation of open access.
The Very Restrictive Paradigm of a Given Management Rule
2 For the last 15 years, most of articles written on CPR management positioned themselves against such a simplistic amalgamation of group property and open access.
Economists have tried to explain that the Tragedy of the Commons could be prevented (i) either by showing that some situations could be modelled by other games than the Prisoners' Dilemma (ii) or by keeping the initial structure of the Prisoners' Dilemma and by inserting it in a more global structure (for instance, games repeated for an unknown duration or existence of moral norms).
By doing this, these studies do not take into account the ability of users to set up their rules and, thus to shift from an unmanaged to a managed CPR. Hence, most of these articles remain within the initial paradigm, where agents act on their own, without any possibility to craft common management rules in a bottom-up process. Within the new institutional economics approach, this mirrors in the large use of noncooperative games and the near absence of formalized models of negotiation.
Two main reasons might explain this focus. First, in many cases, the CPR is bound to remain unmanaged because either agents cannot set up a managed CPR or do not want to set up management rules. Agents' willingness to set up management rules will be analysed in section 4. The possible impossibility of setting up a managed CPR refers to the proposed boundary line between cooperative and noncooperative games as proposed by Harsanyi (1966) , for whom a game is in the cooperative category if engagements made by the players cannot be revoked. Even if this definition is still problematic (Schmidt, 2001) , it clarifies the paradigm used in most CPR analyses: (i) rules that would engage users irrevocably are either impossible or too costly; and (ii) users cannot create the conditions that would allow such nonrevocable rules. The second reason is simply that noncooperative theory is easier to handle than the different cooperative theories and provides results that have a much better predictive power.
Within an Unmanaged Situation, the Tragedy of the Commons is not a Necessary Outcome
This section presents an assessment of different economic studies that analyse conditions enabling collective efficiency in an unmanaged CPR setting. (Hereafter, collective efficiency will stand for the outcome of agents' choices relative to the goals of either maximizing the amount of resource provided or limiting the total investment made for appropriation of the resource). Hence, all users can choose their own action and do not communicate to craft management rules. In such a situation, the interactions among players can be described as a noncooperative game. Within this framework, the possibility to prevent a Tragedy of the Commons has been demonstrated using different levels of analysis. The review will first analyse the user group: (i) the average values of users' characteristics (for instance average wealth); (ii) the heterogeneity among users; and (iii) the size of the group. Second, it will examine the structure of the game: (iv) the game payoffs; (v) the possible repetition of an initial game; (vi) the possible existence of behavioural norms; and (vii) interdependencies between the appropriation problem and the provision problem. The following presentation is based on these seven items, in the above order. Apart from subsection (iv) on the game payoffs, the underlying structure of the game is one similar to the Prisoners' Dilemma. In the common Prisoners' Dilemma setting, agents use dominant strategies and their choices will be either good or bad for the community, whatever the choices of the other players. Hence, in a Prisoners' Dilemma setting, these choices will be hereafter called either 'collectively efficient' or 'collectively inefficient' choices. This term is preferred to the term 'cooperation', which relates to a coordination among players that does not take place in the studied noncooperative setting. Similarly, 'collective efficiency' (of individually made choices) is used here rather than the term 'collective action'.
The Impact of Users' Average Characteristics
Both theoretical models and experimental results show that the users' average wealth can be a facilitating as much as a limiting factor for collective efficiency (Cardenas, 2003) . Nevertheless, the impact of a change in the group's social cohesion on collective welfare can often be determined. For instance, during simulations of experimental economics made by Cardenas (2003) with Colombian farmers, the poor farmers are the more able to depart from the Nash equilibrium of over-investment. Indeed, these farmers are used to dealing with CPR situations, while rich farmers, owners of their own fields, often do not have to address problems of a Tragedy of the Commons pattern.
The Impact of Heterogeneity
The impact of heterogeneity 3 on the CPR dilemma is studied here by examining the impact of an increase in heterogeneity among users on collective efficiency, given an initial situation and especially given some management rules (or absence of them). (The impact of heterogeneity on users' ability to change the rules will be studied in section 5). Because heterogeneity can be multidimensional, it is necessary to carefully untangle the different types of heterogeneity and their impacts on agents' behaviours. The impact of heterogeneity among the group of users has been analysed with a look at four types of agents' characteristics: (i) the social position and the kind of interest for the resource; (ii) the ability to make an effort; the parameter of heterogeneity being, for example the area put under crops or the size of the fishing boat; (iii) the ability to profit from the resource; the parameter of heterogeneity being, for instance, the fishing technology used; and (iv) the availability of exit options. Baland and Platteau (1996) propose a typology of 'heterogeneity of endowments' and 'heterogeneity of interests', but the link between the latter and collective efficiency is less apparent and these categories are not mutually exclusive .
Concerning the first type of heterogeneity, the experimental economics simulations made by Cardenas (2003) show that, when users' interests for a CPR are of the same nature, users' 'social heterogeneity' lessens their capacity to make collectively efficient choices. Regarding the two other sources of heterogeneity, Olson (1965) proposed the initial and pioneering idea, which specified that an increase in heterogeneity will entail that the richer users or the more able ones will have a greater share of the marginal collective profit. Hence, these richer users will be more eager to choose collectively efficient actions, and overall collective efficiency will be improved. Different analyses carried out afterwards show that the impacts of an increase in heterogeneity are not so clear-cut, both theoretically and in the field.
Heterogeneity has actually a double effect on the free rider problem (Baland and Platteau, 1999) . On the one hand, as Olson argues, an increase in heterogeneity will make rich users internalize more the consequences of their actions and, hence, they will provide more for the collective good (or invest less to use it). On the other hand, this increase will diminish the (already small) propensity of poor users to take into account the impact on the resource that they may cause. Because of these combined effects, it is possible to infer the following proposition:
The parameter for which heterogeneity is considered (for instance landholding or initial wealth) is defined here in a generic way. First, if agents' payoffs grow in a convex way (respectively concave) with the parameter of heterogeneity, then an increase in heterogeneity will lead to an enhanced (respectively decreased) collective efficiency. Second, if there is a linear relationship between payoffs and the parameter of heterogeneity, then the overall outcome will be ambiguous and will have to be studied on a case-by-case basis. Figure 1 gives a schematic description of four possible relations between the parameter of heterogeneity and the individual payoffs. These relations are convex, concave, linear, a situation where the relationship is concave at low values of the heterogeneity parameter, and then convex for the high values of this parameter. The 'heterogeneity function' will be defined here as the relationship between the individual payoff and the parameter of heterogeneity. Figure 1 shows the impact of an increase in heterogeneity on collective efficiency, depending on the curvature of the heterogeneity function, as hypothesized by the preceding proposition. Many authors propose simple noncooperative models to explore the impact of heterogeneity on the efficiency of the management of a CPR (for instance, Baland and Platteau, 1997 , 1998 , 1999 Bardhan and Dayton-Johnson, 2002; DaytonJohnson and Bardhan, 2002) . These articles validate the preceding proposition, within their own model settings and in a more or less explicit way. However, there is currently no model of CPR provision or use that would sustain the previous proposition in a generic fashion. Figure 2 presents a simple classification of some models dealing with heterogeneity, according to the shape of the curvature of the heterogeneity function and using the same variables as Figure 1 . Figure 2 also indicates the parameter of heterogeneity used in each model.
In some cases, the structure of the game may entail a division among the group of users between a group of richer users who accept to provide for the good (or to restrain their appropriation) and a group of poorer users who do not and thus free ride. In these cases, the previous proposition linking the curvature of the heterogeneity function and collective efficiency does not hold. In these situations, transfer of wealth from noncontributors to contributors will lead to a better provision of the CPR Platteau, 1997, 2002) .
If the previous proposition is taken as a starting point, the question then becomes: In which cases is the heterogeneity function concave, linear, convex or Constraint in the ability to invest in a two-period fishing campaign (DaytonJohnson and Bardhan, 2002) Individual payoff Wealth (Baland and Platteau, 1997) Constraint in the ability to invest in a oneperiod fishing campaign (Baland and Platteau, 1999) Preference rate for the future or choice of technology (Baland and Platteau, 1999) Heterogeneity parameter Figure 2 . Different models describing the impact of heterogeneity, depending on the curvature of the heterogeneity function.
with an inflexion point? The existing set of very different approaches on the subject could constitute the basis for a typology of the different possible heterogeneity functions, which would depend on the source of heterogeneity and the context of the CPR. These different models dealing with heterogeneity also present some other results and interesting ideas that are summarized hereafter. The different types of heterogeneity will be reviewed in the following order: (i) agents' ability to make an effort; (ii) agents' ability to profit from the use of the resource; and (iii) agents' capacity to access exit options.
Heterogeneity on the Ability to Make an Effort
The capacity to make an effort is often studied from the point of view of the ability to invest at the beginning, whereby some agents are more constrained than others regarding this initial investment. An increase in heterogeneity, regarding the ability to make an effort, often does not lead to a greater marginal outcome for the more able agents; hence, the impact of such type of heterogeneity is expected to be ambiguous. Baland and Platteau illustrate such a result, with different settings, both for a provision problem (1997) and for an appropriation problem (1999). In the latter article, they take the example of a community of fishers who share a fishing zone. Fishers can choose the number of boats they will buy. An increase in heterogeneity in the ability to invest can then lead to an increase in the collective efficiency, that is, a decrease of the total number of boats at sea. Furthermore, in some cases, an increase in this heterogeneity can lead to a Pareto increase, whereby even the fishers who become more constrained in their ability to invest see their gains increased.
Dayton-Johnson and Bardhan (2002) use a simple model of fishing on a twoperiod basis. The Pareto optimum consists in not fishing during the first period so that the stock will be the largest possible during the second period. Collective efficiency is then a U-shaped function of heterogeneity in the capacity to invest in fishing boats, where total income decreases then increases with the degree of heterogeneity. Similarly, present a model providing a common setting for public and common goods, where each agent distributes her initial wealth between investments in a private good and in the good that is either public or CPR. The public good and the private one are complementary in agent's production function. They show that for a common good with low externality level, the total surplus (and not the total amount of collective good produced) is maximized with all agents being equal, whereas for higher externality levels, there is an optimal degree of inequality between the group of contributors and the group of noncontributors to the collective good.
Moreover, the neutrality theorem, which states that a wealth redistribution does not change the total amount of provision for a public good (Bergstrom et al., 1986 ) cannot be used because CPRs are not pure public goods and because a redistribution often implies a change in the number of contributors (Baland and Platteau, 1996) .
Heterogeneity on the Ability to Profit from the Use of the Resource
Agents can derive a profit (or more generally some utility) that is different from one agent to another, for the same effort made. When discount rates for the future are different, heterogeneity has an ambiguous effect on the provision of the resource (Baland and Platteau, 1997) . In the same way, Baland and Platteau (1999) study the appropriation problem on the example of the choice of fishing technology. They show that heterogeneity in the number of fishing boats owned by fishers can have an ambiguous effect on collective efficiency. These findings confirm the proposition made at the beginning of this section, as the heterogeneity function is linear in these two examples.
Econometric analyses provide diverging assessments of the impact of this type of heterogeneity on collective efficiency. An econometric analysis on Mexican irrigation schemes (Dayton-Johnson, 2000b) shows that heterogeneity in landholding per household has an ambiguous effect on the total income. Another econometric study on 48 irrigation communities in India (Bardhan, 2000) demonstrates that the degree of cooperation is negatively correlated to homogeneity in landholdings, the proximity of cities and market integration, and positively correlated with the small size of the group (see also Bardhan and DaytonJohnson, 2002 for a review of these econometric analyses).
Heterogeneity in Exit Options
Exit options are economic opportunities available to agents other than the CPR use. The Dayton-Johnson and model incorporates these exit options. The results are ambiguous but depend in part on whether the relationship between wealth and exit options is concave. Empirical evidence tends to show that exit options weaken the prospects for collective efficiency ).
The Size of the Group
Olson (1965) made another seminal contribution by arguing that the smaller the group, the better will be the collective efficiency. Nevertheless, according to Ostrom (2000b) , the size of the group has an influence on many variables (transaction costs, monitoring costs and share of every agent), and therefore, it is not possible to propose general theoretical predictions on the impact of the size of the group on collective efficiency. No optimal size appears to be pertinent in all cases . What matters is the social structure, especially the preexisting authority. Wittfogel (1957) and Baland and Platteau (1996) give examples of very organized and structured societies where CPR were managed efficiently on an extended area. Farrell and Scotchmer (1988) analyse the case of a group of agents heterogeneous in their ability to invest for production but who can benefit from increasing returns to scale by gathering themselves. They show that the best users will group and then the second best users will do the same, etc. The groups set up are too small and of different compositions compared to the optimal partition. The inefficiency here stems from the ability of such groups to exclude the less able agents. This theoretical approach can explain, for instance, how fisher groups share their efforts to search for fishes.
The Influence of the Payoff Structure
An unmanaged CPR corresponds to a situation of moral hazard in team. Therefore, it fits within Holmstrom's (1982) model, which demonstrates that no allocation pattern exists that is a Nash equilibrium over agents' choices and at the same time reaches a Pareto optimum. Holmstrom also demonstrates that it is possible to approach as close as desired to the collective optimum by using group penalties. However, these penalties are obviously socially unacceptable.
More specifically, an important part of the economic literature on CPR has tried to unfold the structural links between some parameters of the game characterizing players' interactions and the collective efficiency, with regard to both the provision for the CPR and the investment to exploit it.
The structure of the Prisoners' Dilemma is such that the only Nash equilibrium of the game corresponds to the situation where players make collectively inefficient choices. Both Ostrom et al. (1994) and Baland and Platteau (1996) propose to replace the initial Prisoners' Dilemma setting in the more general framework of games between two players in their strategic forms. Ostrom et al. (1994) present the other possible types of games depending on the respective values of the payoff coefficients (such as chicken game or assurance game). They show that these other types of games can provide a relevant analysis in certain CPR situations. In these games, there is no dominant strategy: players can benefit from coordination. Therefore, the interest of a corpus of management rules (including controls and mechanisms for sanctions) may rely on transforming a Prisoners' Dilemma into a game, of which the Pareto optimum is one of the Nash equilibria and therefore self-enforcing (Ostrom, 1990) . In the same way, Heckathorn (1993) establishes a typology of two-player games when these players have to contribute to the provision of a public good.
Repetition During Time
If the initial game has a Prisoners' Dilemma structure, and if this game is repeated a finite and known number of times, then there is a unique Nash equilibrium, which is for players to act in a collectively inefficient way. By contrast, a high number of collectively efficient strategies can be Nash equilibria, if (i) the game is repeated an infinite number of times; (ii) the game is repeated a finite but unknown number of times; or (iii) the players are forced to act with incomplete information about how rivals will behave. This can take place with two or more players (Seabright, 1993) . Such a result is known as the folk theorem, which states that 'almost any outcome that on average yields at least the mutual defection payoff to each player can be sustained as a Nash equilibrium' (Baland and Platteau, 1996) . Generally speaking, these strategies are of the 'tit for tat' structure, defined as an initial collectively efficient choice associated with a temporary or definitive punishment in front of a partner who would have cheated. These strategies are history-dependent and are based on the presence or absence of trust, i.e. the expectation that one player has of others' behaviours (Seabright, 1993) .
Trying to Formalize the Existence of Norms
Many simulations based on experimental economics show that agents' behaviours cannot be completely explained by the rational choice of the best strategy in a noncooperative setting. First, the efficiency of informal discussions is not taken into account, because the game models do not incorporate the 'cheap talks', which allow agents to learn about each other. Second, the models do not integrate the existence of moral behaviours. Many experiments show indeed that agents do not follow a purely self-interested strategy, but rather strike a balance between self and group interests (Cardenas et al., 2000) . For instance, the set-up of sanction mechanisms is a public good, and therefore, it is subjected to the problem of free riding. The theory predicts hence an under-provision of this 'good'. Nevertheless, in many experiments, the players are ready to pay for the implementation costs of a sanction system (Ostrom et al., 1994) .
Finally, in an experimental economics simulation, Cardenas and Ostrom (2001) show that agents cooperate better if they can discuss face-to-face between each step of the game, than if an external regulation system randomly audits players' actions. Face-to-face discussions allow for a better efficiency of resource management even if they do not lead to any verifiable commitment. These discussions are more efficient when all users take part in them (Schmitt et al., 2000) . The preceding theories fail to explain such a result.
Hence, there are situations where players show a form of morality that transforms the initial gains into subjective ones. Two main questions can therefore be raised. What kind of statute moral norms should be given in game models? What are the situations where players display a moral behaviour and what are the ones where they do not? Two sketches of answers have been proposed recently: first, the inclusion of moral norms in players' utility functions, and second, a classification of information categories mobilized by agents.
Inclusion of Moral Norms in Players' Utility Functions
Recently, several articles have proposed to modify players' utility functions in a traditional CPR game, in order to take into account moral norms. 4 For instance, Falk et al. (2002) define a player's utility function by subtracting from the player's material payoff utility losses coming from disadvantageous inequities (differences of profit with players having a better payoff) as well as coming from advantageous inequities.
Evolutionary game theory has also recently brought some new insights. In the setting of evolutionary game theory, each agent uses a given strategy, for example a moral sense that induces the player to systematically cooperate. The population of the game is composed of types of agents using different strategies. These agents meet on a random basis and then play a given game. At the end of each interaction period, the types of agents that obtained the best profits will see their overall share in the population augmented. When such an approach is applied to biology, the usual interpretation is that the groups that get the best gains will reproduce better than others. When applied to economics, a simple interpretation is that, at the end of each period, a certain number of agents will change their minds and hence their strategies, and this will occur proportionally to the relative gains among the different strategies. Hence, according to this approach, agents are not able to estimate the efficiency of all possible strategies, but they can see the strategies used by others, assess their results and they can change their minds. Ultimately, it is an interesting way to take into account a bounded rationality. Next, an evolutionary stable strategy is defined as a strategy that, when played by the whole population, is able to resist the invasion of agents using a different strategy (Weibull, 1995) . In such a setting, a Nash equilibrium in mixed strategy corresponds simply to an equilibrium in population shares between two groups playing different strategies.
Sugden (1986, cited by Baland and Platteau, 1996) shows that, in a situation based on a Prisoners' Dilemma game, the tit-for-tat strategy is evolutionary stable, meaning that it is able to impose itself on ever-cooperating agents or always-cheating ones. Bester and Gu¨th (1998) define an 'indirect' evolutionary theory by proposing to modify the gains of the game (for instance, the Prisoners' Dilemma structure) depending on the moral cost or benefit for an agent to cooperate or cheat. Bester and Gu¨th in their study examine the interaction between two players. Each of them chooses a certain amount of effort, with a mutual externality that can be either positive or negative. Altruism is represented by the fact that agents can take into account a share of the partner's profit in their utility function. The model shows that, given a positive externality, a certain strictly positive level of altruism is the only evolutionary stable strategy, whereas if the externality proves to be negative, only selfishness will be evolutionary stable. Nevertheless, in case of a positive externality, if the population is initially composed of selfish and altruistic people and if agents know only the proportion of both types, then the altruistic type will decline. This result can explain the importance of cheap talks before each agent takes her own decision, in the field and during experimental economics simulations.
Hence, according to Cardenas and Ostrom (2001) , there are three main elements which can explain collectively efficient choices: (i) the structure of the game (e.g. a repeated game); (ii) a strictly positive probability to meet people from the same type; and (iii) the existence of institutions that give a nonmonetary bonus for cooperating (prestige, reputation, etc.) .
This theoretical approach can explain the interest of setting up institutions for cooperation, because they create social norms, gather information on the agents' types and design systems for rewards and punishments. Nevertheless, while this approach provides some elements explaining how an agent can freely choose a collectively efficient action, it does not deal with agents' abilities to craft management rules.
The Use of Norms Depends on the Context of the Game
Cardenas and Ostrom (2001) propose to distribute the different layers of information used by an agent in the following manner: The static game layer stands for the knowledge of the matrix of possible actions and gains. The dynamic game layer corresponds to the information gathered during previous games. The group layer gathers the information on other players and especially their propensity to cooperate. Finally, the individual layer stands for the agent's own morality, for instance, the importance given to cooperating.
Depending on the structure of the game and on the available layers, a player will put forward a given layer of information to take a decision, because gathering information on other players (i.e. the dynamic and group layers) may be costly. Hence, in the case of a perfect market, only the first layer will be taken into account. By contrast, when the transaction costs of establishing contracts to secure the choice of collectively efficient actions are important, the agent may mobilize other layers of information. The agent will accept to take time to have informal discussions with other players in order to estimate whether they have moral norms that induce them to preferably cooperate, even if these discussions do not lead to any verifiable commitment afterwards. Depending on the different layers of information gathered, the player will modify the initial objective gains into subjective ones, which for instance, may transform an initial Prisoners' Dilemma structure into an assurance game or a chicken game.
The Joint Study of Problems of Under-provision and Over-investment
Finally, several articles combine the two issues of provision and appropriation in a CPR setting.
Combining Incentives for Under-effort and Over-effort
In some Japanese fisheries, an income-sharing rule creates an incitation for sharing the technical knowledge and also limits the problem of over-investment (Gaspart and Seki, 2000) . The over-investment inherent in any fishing activity in a CPR setting is indeed compensated by the incentive to behave as a free rider, regarding the collective production. In the same manner, Schott (2001) searches for the optimal size for fisher grouping so that the sum of these two opposite effects leads to an optimal fishing effort. According to Schott, a main advantage of such an approach is that a redefinition of property rights is not needed.
In fact, if players maximize their profits, then only the tax they have to pay matters. Therefore, the previous system combining income-sharing and freeriding is equivalent to a Pigouvian tax, which means that a low tax level will lead to an over-investment problem whereas a too strong tax pressure will lead to an under-investment outcome. A certain amount of taxation (i.e. a certain amount of profit redistribution) hence permits to reach the collective optimum. The model with profit sharing differs from the Pigouvian tax only in terms of the value earned from taxes being redistributed among users. Such redistribution will ease the implementation of the management system.
The Necessary Congruency between Provision and Allocation Rules
In his study of 48 Mexican irrigated schemes, Dayton-Johnson (2000a) shows, as Ostrom (1992) , the necessary congruency between water allocation rules and rules sharing the costs of maintenance. Similarly, De Janvry et al. (1998) propose a model where agents can choose both the levels of provision and of appropriation. In this model, agents can also coordinate themselves in order to limit the overinvestment on appropriation, but the implementation of control mechanisms is costly. They show that a better enforcement of the appropriation problem will lead to an increased provision for the common good. Therefore, coordination on appropriation can be expected to be higher in resources where provision is needed (e.g. grazing where users can individually encroach on the common pasture to farm privately) than for resource where there is no need for provision (e.g. fishery).
The Negotiation on the Rules to Manage CPRs
This section deals with the ability of agents to design their own rules, in order to shift from an unmanaged situation to a managed one. Many scholars have analysed the set up of a managed CPR (for instance, Baland and Platteau, 1996; Ostrom, 1999; McCay, 2002) . However, the use of formal decision-making models, especially game theory models, has been far less developed than in the previous case of a given management rule. Before presenting a short review of these models, it is first shown that it may be possible to use, at least partially, the former results obtained in a noncooperative setting to get insights in the way management rules are chosen.
Potential Use of the Former Results with a Noncooperative Setting
It is now assumed that agents may gather themselves in order to set up rules. Their discussion may lead to rules that will bind users' choices and organize them in order to achieve a Pareto-optimal situation. The choice of the rule will depend on the structure of the negotiation process and agents' respective decision-making powers.
Let us assume a situation where (i) it is technically possible to set up rules that decrease or eliminate the free rider problem, by limiting the extent of actions that a player can perform and (ii) players can communicate. In such a situation, every cooperative game can be described as a noncooperative game. In other words, whatever the structure of the game, each player has a choice among different actions (for instance, advocating different rules or siding with other players). Each action will reward individual player's outcomes, which in turn will depend on the behaviours of other agents. This associated noncooperative game is called hereafter the metagame.
The payoffs of the metagame matrix will incorporate the transaction costs as well as the potential results of coalitions. Therefore, given this matrix, the preceding results on the impact of the structure of the game (size, heterogeneity, etc.) can be used. For instance, Baland and Platteau (1998) propose a qualitative discussion on the possibility of setting up different rules, given the noncooperative results attached to each of them.
In addition, the general matrix of payment for the metagame can be of a Prisoners' Dilemma type. For instance, suppose that the payoff matrix of the initial game is the left table on Figure 3 . Let us assume that the transaction costs to set up a rule (which guarantees that each player will play the collectively efficient action) amount to two units. This cost can be shared among players if both of them decide to participate in the set up of the rule. The right table on Figure 3 presents the payoff matrix of the corresponding metagame, which indeed shows a Prisoners' Dilemma structure. Without communication, no agent will set up the new rule alone. Nevertheless, if the two players can communicate and make their choices nonrevocable (assumption of a cooperative game), they can agree to set up the new rule together. Because the rule ensures that, afterwards, players make collectively efficient choices, the Tragedy of the Commons is prevented.
However, compared to the noncooperative setting, there is the additional complexity of representing the interactions among players able to participate in coalitions. The different solutions proposed by game theorists (Shapley value, Nash bargaining and core of the game) do not necessarily lead to the same results, and some research still needs to be done to understand their respective meanings (Bergin and Duggan, 1999 ; see also Abbink et al., 2003;  for the relatively theoretical literature on the links between cooperative and noncooperative approaches). 
Existing Results with a Cooperative Setting
One possible way to analyse a process of negotiation consists in using cooperative game theory. With regard to environmental issues, the main topic in which such theory was used is the negotiation on global commons, an example being the atmosphere or the fish stocks in international waters. In these cases, there is no supra-national state, which would be able to dictate the relevant solution. By contrast, the use of cooperative games for the study of local CPR is limited for the moment.
In a very generic way, Ostrom (1999) argues that there will be a change towards a managed CPR if there is a minimal coalition of users for whom the benefits of shifting from an unmanaged to a managed CPR outweigh the costs of designing new rules, monitoring and sanctioning. In the McCarthy et al. (2001) model, the community can choose the costs they are ready to invest in monitoring the exploitation of the resource and, thus, a level of appropriation between the optimal one and the one corresponding to the Nash equilibrium of over-exploitation. The monitoring costs chosen will increase with agents' incentives to act in a collectively inefficient way. This model can account for the partial levels of cooperation observed in the field. Gardner et al. (2000) study the use of a proportional limitation in order to decrease the over-exploitation of a CPR. They determine the level of reduction that will be voted by the majority rule. Walker et al. (2000) set up a simulation of experimental economics where players withdraw individually from the CPR. Starting from an initial nonregulated situation, players can propose a resource allocation, then the different propositions are voted. The use of such rules can considerably increase the global efficiency, and in the given setting the unanimity rule is more efficient that the majority rule.
Finally, Funaki and Yamato (1999) look at the capacity for identical players to avoid the Tragedy of the Commons. They show that the existence of a core is linked to the hypothesis each coalition makes on the possibility of coordination of other players outside the coalition. On the one hand, if each coalition makes optimistic forecasts, i.e. thinks that outsiders will coordinate themselves (and hence reduce their total exploitation of the resource), then the core may be empty. On the other hand, if each coalition makes pessimistic assumptions, i.e. thinks that the outsiders' actions will lead to the worst result, then the core always exists. In fact, pessimistic and optimistic situations are related to two important concepts of cooperative game theory (theories alpha and beta, Shubik (1982) . The result proposed by Funaki and Yamato is very simple, nevertheless, it is a very promising one regarding the use of cooperative game models to analyse CPR.
The impact of heterogeneity on the results of a negotiation is by nature different from the impact of heterogeneity on the collective efficiency for a given allocation rule. Indeed, the increase of the provision for the resource is always beneficial for all agents, as well as the decrease of the amount of appropriation. By contrast, regarding the creation of regulation rules, it is generally necessary to assess the shift from an initial unmanaged situation to a managed one. The shift from one situation to the other can lead to a decrease in outcomes for a certain subset of the agents' group. This may happen when an agent benefiting from the resource better than others loses during the shift towards a managed situation, for example one based on uniform quotas (Baland and Platteau, 1998) . This situation is more likely to happen when the group is heterogeneous. The possibility to organize some monetary transfers can theoretically solve this problem. Nevertheless, in many cases, these transfers will not be used because of a lack of definition of rights or for cultural reasons. In order to conclude, the managed situation can profit or on the contrary be unfavourable to rich agents, compared to the unmanaged situation. In this case, relations have to be more untangled before results can be proposed. From the case study side, Dayton-Johnson's (2000a) study of Mexican irrigation schemes shows that wealth inequality increases the probability of observing proportional allocation.
In the case of heterogeneity in social position and in the kind of interest for the resource, several authors agree on the idea that differences in social origins and in types of use of the resource will impede the building of a common knowledge of the resource. This will in turn complicate the set up of structures of regulation (Baland and Platteau, 1996; Varughese and Ostrom, 2001; Bardhan and DaytonJohnson, 2002 ).
In conclusion, three main reasons can explain the existence of unmanaged situations: (i) the high costs of the possible monitoring rules; (ii) the high transaction costs of changing the rulel; and (iii) the fact that some users profit from this unmanaged situation and manage to block any institutional change.
The Contribution of Economic Analysis to the Debate Over CPR
This last part of the review provides a very brief assessment of the theory's ability to fit with experimental data, and the impact of this research on policies actually adopted to manage CPR.
A Restricted Ability of Game Theoretic Models to Represent Observed Behaviours
At this juncture, a general conclusion can be proposed. The Nash equilibrium provides an accurate description of collective interactions both in real case studies and in experimental economics simulations, when agents cannot communicate and more generally, when a social capital is difficult to create (Ostrom, 2000a) . Besides, Ito et al. (1995) point out that, in some cases, an observed total investment greater than the Nash equilibrium can be explained by the assumption that agents do not maximize their own profit but rather try to maximize the difference between their revenue and the ones of others. Nevertheless, case studies and experimental economics simulations show that the present theory fails to account for the following two points.
First, while the Nash equilibrium provides an accurate description of the strategies taken as a whole, agents do not play individually the Nash equilibrium strategies. Using an experimental economics simulation, Keser and Gardner (1999) show that students' choices lead on the whole to the computed Nash equilibrium but that less than 5% of these students really use the Nash equilibrium strategy. Moreover, the observed behaviour is not coherent with the backward induction process that is used in the analysis of finitely repeated games. Finally, the theory does not take into account the trials and errors process used by individuals. Therefore, there is a need to take better into account a bounded rationality.
Second, the theory has not dealt much with agents' ability to change the management rules. From a theoretical point of view, the approach proposed by Funaki and Yamato (1999) is very promising but it is still far from being able to illustrate real case studies.
No Blanket Solution Regarding the Best Property Regime to Avoid the Tragedy of the Commons
Broadly speaking, two approaches were put forward after Hardin's article (1968) , in order to avoid the Tragedy of the Commons (Berkes et al., 1989) . The first approach consists in defining individual transferable property rights. Indeed, any Pareto optimum can be obtained when the market on these rights is perfect. Nevertheless, in a CPR setting, such a condition is almost never met. Moreover, when markets on these rights are incomplete, negotiations can also result in a Pareto optimum, as proposed by the so-called Coase theorem (Coase, 1960) . Nevertheless, the transaction costs must be null and with a number of players greater or equal to three, the negotiation space may not have a core (Baland and Platteau, 1996) . The second approach consists in nationalizing the resource. This solution has been widely used in many countries in Africa and Asia in the years following the accession to independence. However, two problems appeared then, the first being a lack of means to control the access on resource, and secondly, a problem of information asymmetry between the State and the users. In most of the cases, nationalization has led to an actual situation of free access.
A large amount of literature shows that, in some cases, a management based on a group property can be more efficient than either the nationalization or a market based on transferable individual rights (see, for instance, the numerous studies conducted by the International Association for the Study of Common Property). There is therefore no general solution for the free rider problem that could come from a given property regime . More research is still needed to link property regimes and the parameters of the game. For instance, Tietenberg (2002) analyses the use of tradable permits to solve the CPR problem and finds that they are of interest in situations where externalities not taken into account by the permits are small, and where users get high benefits from the resource (for instance the resource being the air that can receive pollution from industries). Rose (2002) shows that group property outperforms private property when the resource is complex (there are interactions among various aspects of the resource) and varies over time.
Perspectives for Future Research
Given the results of the analyses presented above, three main directions for theoretical research can be proposed. 5 * It will be necessary to base CPR analyses on models using a more bounded rationality (Keser and Gardner, 1999; Ostrom, 2000a) . These models will have to incorporate norms, defined as an opinion shared among a group that some rules should be followed and that it is necessary to punish the fraudsters. For instance, one of the major norms that will have to be taken into account is the tit-for-tat strategy. As for the definition of a social capital, there is nevertheless the risk of signing a blank cheque. * Many models currently used are based on a two-player structure, especially those dealing with heterogeneity. These models over-estimate the impact of each user's action on the collective resource. It seems more realistic to design models with a large number of players, even if these models are simplified by considering that, for calculating the Nash equilibria, each player does not take into account the impact of her own effort on the global effort made on the resource. The results for two and for a larger number of players may be qualitatively very different. * On the whole, the analyses made focused mainly on the application of rules and not much on their selection. It is necessary to build negotiation theories applied to the CPR context. The approach proposed by Funaki and Yamato (1999) on such issue is a promising one.
Three other perspectives for more applied future research seem also of importance:
* A link is to be made between the large literature on environmental economics tools (quotas, taxes, permits, etc.) and the economic analysis of CPR. The latter has concentrated on the regime of property rights and on the influence of the different parameters of the system, but few works compare different classical economic tools in the context of a CPR (see Rose, 2002; Tietenberg, 2002) . * Game theoretic models have shown that many parameters of the game could play a role in departing from the initial Prisoners' Dilemma outcome. The spectre of an unavoidable Tragedy of the Commons now seems far away. Moreover, most of the studies, which tried to link observed behaviour and theory, are based on experimental economics simulations. For these two reasons, it may be of interest to build models on a case-by-case basis, from detailed case studies, using more realistic production functions and game structures (e.g. Faysse, 2003) . * There is a need to quantify in a simple way the benefits of several rules for the different groups of users within a community as well as the transaction costs, without necessarily delving into complex cooperative game theory models. 'The crucial factor is not whether all attributes are favourable, but the relative size of the expected benefits and costs they generate as perceived by the participants' (Ostrom, 1999) . Analyses of costs and benefits such as proposed by Ostrom (1999) can be quantified.
Conclusion
The review described how the problem of the commons is described in New Institutional Economics terms, and what are the recent answers economists have provided, with a specific focus on game theory models. The use of game theory model is now part of the standard course on CPR. However, these games are still very schematic, are disconnected from real field studies and focus almost only on agents' behaviours within a given management situation. As Cardenas (2003) experiences and others have shown, the social characteristics of players are of key importance in a situation where players have initially the same payoffs structure. While it is important to understand in a more humble way the place that game theory models have in a general analysis, there is definitely a need for more research on the negotiation of rules, using game theory and transaction cost measures on real case studies.
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Notes
1. The prisoners' dilemma formalizes the situation where 'two conspirators are captured by the police. If neither informs on the other, they both face light sentences. If both inform, they both face long jail terms. If one informs and the other does not, the informer receives a very light sentence or is set free while the noninformer receives a heavy sentence. Faced by this set of payoffs, the narrow self-interest of each will cause both to inform, producing a result less desirable to each than if they both remained silent' . Another crucial assumption is that the prisoners cannot communicate and cannot commit themselves. 2. Actually, Hardin (1998) acknowledged later that his 1968 analysis has to be limited to unmanaged commons. 3. I prefer to use the term heterogeneity rather than inequality, the latter referring to normative criteria. 4. The idea of using morality to solve a problem of the Prisoners' Dilemma type was mentioned by Hardin in 1968 but he rejected it, estimating that a moral norm that would decrease one agent's appropriation of the resource would be self-eliminating. 5. See also Stern et al. (2002) for some proposals concerning directions for future research.
